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We study the spin Hall magnetoresistance effect in ferrimagnet/normal metal bilayers, comparing
the response in collinear and canted magnetic phases. In the collinear magnetic phase, in which
the sublattice magnetic moments are all aligned along the same axis, we observe the conventional
spin Hall magnetoresistance. In contrast, in the canted phase, the magnetoresistance changes sign.
Using atomistic spin model calculations of the magnetic configuration, we show that the electric
transport for the different magnetic phases can be rationalized considering the individual sublat-
tice moment orientations. This enables a magneto-transport based investigation of non-collinear
magnetic textures.
The magnetic properties of ferromagnets are often
modeled in terms of a simple macrospin with magnetiza-
tion vector M. In this picture, one tacitly assumes that
all individual atomic magnetic moments µ are aligned in
one direction, such that the magnetization is M = nµ
with the moment number density n. However, many
magnets exhibit a much richer magnetic structure, with
canted, spiral, frustrated or even topological [1, 2] phases
appearing in addition to collinear magnetic order. Un-
ravelling these experimentally typically requires sophisti-
cated methods, e.g., spin polarized neutron scattering, x-
ray magnetic circular dichroism, or Lorentz transmission
electron microscopy. A pathway for the electrical detec-
tion of magnetic properties is provided by spin torques
arising at a magnet/metal interface [3–5]. These torques
govern fundamental spintronic phenomena such as spin
pumping [6–10], spin Seebeck effect [11–13], as well as
spin Hall magnetoresistance [14–18], and even enable an
electrical control of the magnetization in magnetic nanos-
tructures [3–5]. However, while the spin torque effect –
or more precisely the transfer of spin angular momentum
across the magnet/metal interface – has been extensively
discussed for a macrospin M [19, 20], the action of spin
torques on non-collinear magnetic phases is only poorly
understood.
In this Letter, we show that in the ferrimagnet gadolin-
ium iron garnet (Gd3Fe5O12, GdIG), the spin Hall mag-
netoresistance (SMR) can be used to resolve the orienta-
tion of the individual atomic magnetic moments µX re-
siding on the different magnetic sublattices. We thereby
prove that the SMR is not just governed by the net mo-
ment µnet =
∑
µX (viz. the corresponding macrospin
magnetization Mnet) aligned along the externally applied
magnetic field. This is reflected most conspicuously by
the SMR sign inversion observed for canted sublattice
moments. The interpretation of our experiments is cor-
roborated by atomistic spin simulations [13], suggesting
that the Fe sublattice moments dominate the SMR re-
sponse.
The SMR originates from spin current transport across
the interface between an (insulating) magnet and a metal
with finite spin Hall angle. As sketched in Fig. 1(a), a
charge current with density Jc||x induces a spin cur-
rent density with direction Js||z and polarization s||y
in the metal. Depending on whether Js is absorbed
or reflected at the interface, the metal’s resistivity ρ is
either increased (panel (a)) or not (panel (b)). In a
collinear magnet, the amount of spin current at the in-
terface can be modeled in terms of the magnetization
direction m = M/M = µ/µ relative to s. As sketched
in panel (c), µ ⊥ s corresponds to maximal spin transfer
and thus large ρ, while µ||s yields minimal ρ (panel (d)),
which can be parameterized by [14–16, 21]
ρ = ρ0 + ρ1(m · y)2. (1)
For more complex magnets, the use of Eq. (1) with
m = µnet/µnet becomes questionable. The mag-
net/metal exchange coupling in the SMR theory is formu-
lated in terms of the spin mixing conductance, which for
magnetic insulators is dominated by the local moments
directly at the interface [22]. We can then illustrate the
effect of the magnetization texture on the electron trans-
port for a non-collinear magnet, viz. the ferrimagnetic
insulator GdIG with three magnetic sublattices (FeA,
FeD and Gd) in a canted configuration as sketched in
Fig. 1(e). Here, none of the local moments µFeA, µFeD,
and µGd are parallel to µnet. Since the antiferromagnetic
exchange coupling between the FeA and FeD moments
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FIG. 1. Spin Hall magnetoresistance (SMR) response of a
magnetic insulator/metal bilayer. (a) When the spin current
Js in the metal is absorbed by the magnet, the resistivity ρ of
the metal is large. (b) When Js is reflected at the interface,
ρ is small owing to the inverse spin Hall effect. (c),(d) In a
collinear magnet, the spin transfer across the interface and
thus ρ is largest for µ ⊥ s (panel (c)), while spin transfer and
ρ are minimal for µ||s (panel (d)). (e),(f) In a non-collinear
magnet in which, e.g., the orientation of the µFeA moments
dominate the spin transfer across the interface, large viz. small
ρ arises for the corresponding orientations of µFeA with re-
spect to s. An externally applied magnetic field H (larger
than the weak anisotropy but smaller than the inter-spin ex-
change fields) determines the orientation of µnet. Comparing
panels (c)-(f), the H orientations for maximum viz. minimum
ρ in the canted viz. collinear magnet are interchanged – the
SMR inverts sign.
is strong, we sketch them as antiparallel in the figure.
Therefore, µnet ‖ H is the vector sum of the net iron
moment µFeD + µFeA and of µGd.
To model the SMR in canted magnets, we assert that
the spin-mixing conductance and the SMR is determined
by the orientation of the individual, local magnetic mo-
ments µX at the interface. The SMR then reads
ρ = ρ0 +
∑
X
ρ1,X 〈(mX · y)2〉 (2)
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FIG. 2. Magnetic phase diagram of GdIG calculated by atom-
istic spin simulations (see text). The main panel depicts the
orientation of the FeA sublattice moment orientation ξFeA
encoded in color, the inset shows ξGd of the Gd sublattice
moments. Due to the strong antiferromagnetic exchange cou-
pling, the FeD sublattice moments are always antiparallel to
the FeA ones. The black lines indicate the temperature depen-
dence of the upper (µ0Hc2) and lower (µ0Hc1) critical fields
which delimit the antiparallel, parallel and spin canting phase
[23, 24]. The orientation of the sublattice moments in each
phase are represented by arrows.
where 〈· · ·〉 denotes the average over all moments of type
X, and ρ1,X is the corresponding SMR resistivity modu-
lation. For magnets with a collinear magnetization con-
figuration, in which all sublattice moments are aligned
parallel or antiparallel to each other, Eq. (2) is equivalent
to Eq. (1) with ρ1 =
∑
X ρ1,X . In other words, the SMR
response of a collinear ferrimagnet according to Eq. (2)
looks exactly like the SMR of a simple, one-sublattice
ferromagnet. In contrast, for magnets with non-collinear
spin structure, the SMR response depends on the orienta-
tions of the different sublattice moments in a non-trivial
way.
Most SMR experiments to date have been performed
on bilayers made from yttrium iron garnet (Y3Fe5O12,
YIG) as the insulating magnet and platinum (Pt) as the
metal. The magnetic properties of YIG stem from two
octahedrally coordinated Fe3+ moments (FeA) and three
tetrahedrally coordinated Fe3+ moments (FeD) per for-
mula unit. The FeA and FeD moments are strongly an-
tiferromagnetically coupled. YIG therefore is a collinear
ferrimagnet, warranting the use of Eq. (1). Only in mag-
netic fields in excess of µ0Hc1 ≈ 250 T, a canted magnetic
phase emerges, in which H, µFeA and µFeD are no longer
aligned along one common axis [1, 23–25].
In contrast to YIG, the canted magnetic phase is read-
3ily accessible in compensated magnetic garnets such as
GdIG, see Fig. 2. Due to their exchange coupling to the
FeA and FeD moments, the paramagnetic Gd moments
acquire a finite sublattice magnetization [1]. We model
the GdIG magnetic structure using a classical Heisen-
berg Hamiltonian including all of the atoms in the unit
cell (see Ref [13] for details of the model). We use a
Metropolis Monte Carlo algorithm with a combination
of different moves to avoid trapping in metastable min-
ima [26], to calculate the equilibrium magnetic config-
uration as a function of applied field and temperature,
disregarding the small crystalline anisotropy. The sys-
tem size is 16 × 16 × 16 unit cells (131072 spins) with
periodic boundary conditions. In particular, we take the
spin configuration at the surface to be similar to that of
the bulk. Figure 2 shows the (average) orientation ξFeA of
the FeA sublattice moments with respect to the applied
field direction in the main panel, as well as the orienta-
tion ξGd of the Gd ones in the inset. Since the FeA and
FeD moments are coupled via a strong antiferromagnetic
exchange, ξFeD = ξFeA+180
◦. As evident from Fig. 2, the
FeA, FeD and Gd sublattices arrange in different config-
urations depending on temperature and external mag-
netic field. Moreover, a magnetic compensation point
with Mnet = 0 for H = 0 arises at the so-called compen-
sation temperature Tcomp ≈ 300 K. A canted magnetic
phase is easily accessible already for magnetic fields of a
few Tesla in the vicinity of Tcomp. Tcomp and the critical
fields are reduced by alloying In and Y into GdIG, so that
a large portion of the canted phase becomes accessible
using standard magnet cryostats. SMR experiments in
InYGdIG/Pt bilayers thus are an ideal testbed to check
the validity of Eq. (2).
We here discuss experiments on two different gar-
net/Pt bilayers. The magnetic garnet layers were de-
posited onto single crystalline, [111]-oriented Yttrium
Aluminum Garnet (Y3Al5O12, YAG) substrates via
pulsed laser deposition (PLD). The Yttrium Iron Gar-
net (Y3Fe5O12, YIG) film was grown using a sub-
strate temperature of 500 ◦C, an oxygen atmosphere of
2.5× 10−2 mbar, and an energy fluence of the KrF ex-
cimer laser of 2.0 J/cm2 at the target surface. The 40 nm
thick YIG film was covered in-situ with t = 4 nm of Pt de-
posited via electron beam evaporation. The same growth
parameters were used for the Indium and Yttrium doped
Gadolinium Iron Garnet (Y1Gd2Fe4In1O12, InYGdIG)
film, which has a thickness of 61.5 nm and was covered
with t = 3.6 nm of Pt. The InYGdIG sample exhibits a
magnetization compensation temperature Tcomp = 85 K,
such that magnetotransport experiments at temperatures
well above and well below Tcomp are possible in standard
magnet cryostats. Both garnet/Pt bilayers were pat-
terned into Hall bars with width w = 80µm and length
l = 600µm using optical lithography and argon ion beam
milling.
For magnetoresistance measurements at magnetic
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FIG. 3. Measured evolution of the magnetoresistance in
YIG/Pt (panels a-c) and InYGdIG/Pt (panels d-f). The data
were recorded at T = 10 K, 85 K and 300 K as a function of
the angle αH between the current direction Jc and the ori-
entation of the external, in-plane magnetic field µ0H = 7 T,
respectively. The SMR in InYGdIG/Pt inverts sign around
the magnetization compensation temperature Tcomp ≈ 85 K
(panel e), but the extrema stay at the same αH for all tem-
peratures.
fields up to µ0H = 7 T the samples were mounted in
the variable temperature insert of a superconducting
magnet cryostat (10 K ≤ T ≤ 300 K) at the Walther-
Meissner-Institut (WMI). Additional measurements up
to µ0H = 29 T were conducted using a resistive mag-
net setup with a variable temperature insert at the high-
field magnet laboratory in Grenoble. In both setups,
a constant current of I = 0.2 mA was applied along
the Hall bar using a Keithley 2400 sourcemeter. We
carried out angle-dependent magnetoresistance measure-
ments [15] by rotating the sample with respect to the
external magnetic field of fixed magnitude µ0H ≤ 29 T
applied in the sample plane, simultaneously recording the
voltage drop V along the direction of charge current as
a function of the angle αH between the current direction
Jc and the external magnetic field H using a Keithley
2182 nanovoltmeter. Hereby, we used a current rever-
sal method in order to cancel thermopower effects and
reduce noise.
Figure 3(a-c) shows a typical set of magnetoresistance
measurements for the YIG/Pt bilayer, taken at fixed
temperatures of T = 10 K, 85 K, 300 K and an exter-
nal magnetic field of 7 T. The magnetoresistance be-
havior is fully consistent with previous measurements
[15, 27]. Indeed, taking both the applied magnetic field
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FIG. 4. SMR amplitude Eq. (3) as a function of temperature
and magnetic field, as measured for InYGdIG (main figure),
and calculated for GdIG (inset) only taking the iron moments
into account. In the blue regions the SMR is positive, i.e. has
the same sign and αH -dependence as for a single-sublattice
ferromagnet (cf. Fig. 1(a)). The red regions indicate negative
SMR (as in Fig. 3(e)). No data has been taken in the regions
shaded in grey.
H and m to reside in the magnet/metal interface plane
(the xy plane in Fig. 1), Eq. (1) can be rewritten as
ρ(αH) = ρ0 + ρ1 sin
2 αH , with ρ1 < 0 [21]. The SMR
amplitude
−ρ1
ρ (αH = 0
◦)
=
ρ (αH = 0
◦)− ρ (αH = 90◦)
ρ (αH = 0
◦)
(3)
is positive at all temperatures, and decreases with de-
creasing temperature by about a factor of 2 as also re-
ported in the literature [27]. A similar set of magne-
toresistance measurements for the InYGdIG/Pt sample
is depicted in Fig. 3(d-f), again for T = 10 K, 85 K and
300 K. The measurements at T = 10 K and T = 300 K
(panels (d) and (f)) show the same positive SMR as for
YIG/Pt. However, at T = 85 K ≈ Tcomp (panel (e)), the
SMR has negative sign, and comparatively small ampli-
tude. This is surprising and cannot be accounted for by
the standard SMR theory as written in Eq. (1) [16, 21].
To substantiate the SMR sign change, we studied the
evolution of the SMR amplitude (Eq. (3)) with magnetic
field strength and temperature in the YIG/Pt and In-
YGdIG/Pt samples. In YIG/Pt, the SMR amplitude
monotonically increases with T , as reported previously
[27]. In InYGdIG/Pt, the behaviour is much richer. Fig-
ure 4 shows corresponding data obtained for µ0H ≤ 7 T
in the superconducting magnet cryostat at WMI, as well
as µ0H ≤ 29 T at the high field magnet laboratory in
Grenoble, in a false color plot. The SMR sign change in
InYGdIG/Pt is clearly evident as a red pocket around
Tcomp(InYGdIG) = 85 K.
We may conclude with confidence that the macrospin
picture of the SMR breaks down for non-collinear mag-
nets. Since the spin current transport across the mag-
netic insulator/normal metal interface relevant for SMR
corresponds to an additional (transverse) dissipation
channel for charge transport, ρ1 < 0 cannot change sign
with temperature [15, 16]. The large external magnetic
fields well exceed the demagnetizing or anisotropy fields,
such that the orientation αH of µ0H is identical to the
orientation of µnet viz.Mnet. Thus, if m = µnet/µnet
indeed would govern the SMR in the spirit of Eq. (1), the
SMR amplitude should be positive for all temperatures
and magnetic fields. The InYGdIG/Pt sample clearly
violates this conjecture, showing that the SMR is a pow-
erful method to characterize complex spin textures. The
small SMR modulation observed in CoCr2O4 can thus
indeed be evidence for different spin spiral phases [28].
In the following, we show that the SMR response
summarized in Fig. 4 can be straightforwardly under-
stood assuming that the magnetic sublattice moments
contribute independently to the SMR, as expressed in
Eq. (2). Since the exchange parameters of InYGdIG are
not well known, we compare the experimental SMR data
from InYGdIG/Pt with the SMR calculated for GdIG/Pt
(Fig. 4). While the compensation temperatures of GdIG
and InYGdIG are different, the spin correlations and thus
the canted phases should be qualitatively similar. Indeed,
the SMR response calculated from Eqs. (2) and (3) using
the sublattice moment orientations ξX from Fig. 2 repro-
duces all the salient features observed in experiment. In-
terestingly, a reasonable agreement between model and
experiment is obtained already upon taking into account
only the iron moments, as shown in the inset of Fig. 4.
The Gd moments play a minor role for the SMR in GdIG,
owing to a large spread in their directions arising from
thermal fluctuations. Assuming that the iron sublattice
moment orientations govern the SMR, we can understand
its sign reversal in the canted phase from Fig. 1. While in
the collinear phase the iron (and also the Gd) moments
are aligned along the H axis, they rotate away from H
in the canted phase. As indicated in the figure, this re-
orientation of the iron magnetic moments relative to the
applied magnetic field causes the inversion of the SMR.
We note that a given µnet can result from different µX
textures. While different sublattice moment configura-
tions are naturally included in the atomistic modelling
used here, their impact on the SMR warrants a more
detailed study in the future.
In summary, we observe a sign inversion of the SMR
in compensated ferrimagnet/Pt bilayers around Tcomp.
We attribute this behaviour to the non-collinear reori-
entation of the sublattice moments in the spin canting
phase. We show that the experimental data can be un-
derstood assuming that the magnetic moments in the dif-
ferent magnetic sublattices contribute independently to
the SMR. Our results demonstrate that simple transport
experiments can identify non-collinear magnetic phases
in highly resistive magnets contacted by heavy metals.
The SMR thus might prove useful also for the investiga-
tion of topological spin textures, e.g., skyrmions, in thin
5films and nanostructures.
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